Abstract: This paper explores the cutting force oscillations. Forces have been measured during the stainless steel turning. We provide the results of standard statistical analysis of the corresponding time series together with their recurrence properties. We claim that the system, which is initially in a regular vibration region for some fairly larger cutting depth, is unstable to chaotic oscillation appearance. This could have the important implication to the process control procedure.
Introduction
The machining technology is the most important component in the modern massive production. Over the past years, its fast development gave way to a reliable high-speed cutting procedure. Consequently, elimination and stabilization of the associated chatter oscillations have become a high interest in science and technology [1] . The plausible adaptive control concept, based on relatively short time series, has been studied to gain deeper understanding.
We investigate dynamics of a turning process by the recurrence plot technique [2] . The experimental time series of a stainless steel cutting process enable us to distinguish different types of the system response. This method, supplemented by recurrence quantification analysis (RQA), was used to analyze relatively short time series [2] [3] [4] . Changing the single system parameter, cutting depth, we observed qualitative change of the system response. The special attention is focused on high speed cutting [1, [5] [6] . The knowledge about dynamics of this process can be used to optimize the process to obtain surfaces of the best quality.
Experimental Procedure and Results
Our turning experiment has been conducted using the workpiece circular shaft of stainless steel (EZ6NCT25) with the diameter of 22mm and the tool cutting edge angle of 45 degrees. The shaft angular velocity was fixed to 710 rpm while the corresponding feeding ratio was 0.25 mm/rev. Experiments have been done for three different cutting depths. The obtained results, the three orthogonal force components (feed Fx, thrust Fy, and cutting Fz components, respectively) measured with the sampling frequency was 2 kHz are presented in the 3D force diagram (Fig. 1) . In Tab. 1 including the statistical (standard deviation-SD, skewness-SK, and kurtosis-KU) rend recurrence (RR-recurrence rate) information. (1), (2) , and (3) denote the cutting force measurement points for the cutting depth h=1.00, 1.75, and 2.30 mm, respectively. The sampling frequency was 2 kHz, while the number of considered measurement points N=1500.
In this note we show the results of this method limiting to the fairly small time interval of 1500 measurement points. The aim of our consideration is to follow the force fluctuations evolution with changing the cutting depth h. Figure 1 illustrate the distribution of measured points for the cutting depth h=1.00, 1.75, and 2.30 mm, respectively. Note that the all three averages of the corresponding forces components are increasing monotonically with increasing h (Fig. 1) . Furthermore, the fluctuation range of cutting force components are also increasing. 
where Δi is the characteristic time delay. Note, basing on the system response main periodic behaviour, for our system we assumed Δi =45 in the units of sampling intervals and the embedding space dimension has been fixed to 6. The corresponding recurrence matrix is defined [2] R ij =Θ  ε−||x i−x  j|| , where ϵ is the threshold value and simultaneously the tolerance for states identification. Note that the matrix elements are taking 0 and 1 values depending on the x(i) and x(j) states similarities in the embedding space. The ratio of the nonzero matrix elements number to the total number of elements, excluding the diagonal ones Rij-δij , defines the recurrence rate parameter RR. Their values for examined cases defines the recurrence properties of the system response and are strictly connected with the correlation sum [2] [3] [4] . We estimated this parameter for the examined cases ( Fig. 1) and included in the Tab. 1. For equal approach to different cases we expressed ϵ in units of the three dimensional standard deviation SD obtained as the geometrical sum of the corresponding deviations related to x, y, and z force components: Interestingly, one can see the tendency: the larger cutting depth h, the smaller recurrence rate RR. To study the distributions of recurrence we show the corresponding recurrence plots in Fig. 2 . The coloured regions in the three figures (Fig. 2a, b , and c) are noticeably different. For instance the diagonal lines patterns correspond to periodic nature of oscillations. Thus, from the above plots one can easily see that increasing cutting depth h leads to less periodic or even chaotic behaviour.
Conclusions
This work presents experimental investigations of cutting process in which the stainless steel was cut. During the experiment three component cutting forces are measured as a function of the cutting depth. The obtained signals were analyzed using statistical and recurrence methods. Our results show that the increasing cutting depth leads to higher values of all cutting forces components. Furthermore, the fluctuations are also increasing showing, however, different distributions for different force components. The most interesting contribution appeared in the y component. Its local nonmonotonous change of kurtosis signals an interesting change in the system dynamic response. The recurrence plots are clearly indicating that the response is less periodic (or more chaotic) for larger cutting depth h. The obtained results can be used to identify types of vibrations and select the most proper cutting parameter [5] [6] . Note that the recurrence plots and recurrence quantification (by the RR parameter) are tools suitable to analyze fairly short time series [2] [3] [4] .
To draw more conclusions we will study the fluctuations more systematically by including intermediate cutting depths and consider longer time series to apply additional dynamical tests as Fourier and wavelet analysis.
